Global species extinction typically represents the endpoint in a long sequence of population declines and local extinctions. In comparative studies of extinction risk of contemporary mammalian species, there appear to be some universal traits that may predispose taxa to an elevated risk of extinction. In local population-level studies, there are limited insights into the process of population decline and extinction. Moreover, there is still little appreciation of how local processes scale up to global patterns. Advancing the understanding of factors which predispose populations to rapid declines will benefit proactive conservation and may allow us to target at-risk populations as well as at-risk species. Here, we take mammalian population trend data from the largest repository of population abundance trends, and combine it with the PanTHERIA database on mammal traits to answer the question: what factors can be used to predict decline in mammalian abundance? We find in general that environmental variables are better determinants of cross-species population-level decline than intrinsic biological traits. For effective conservation, we must not only describe which species are at risk and why, but also prescribe ways to counteract this.
INTRODUCTION
More than a decade and a half on from May's [1] discussion of the issue of scale in ecology, a gap still exists in understanding how population processes scale up from local populations to the global species level. This line of research could be particularly illuminating for understanding extinction risk. There is currently a disconnection between discernment of what factors correlate with extinction risk at a species level, and those that predict risk at the population level where the majority of conservation action is focused. The link is important as the disappearance of a population is a prelude to species-level extinction, which makes population decline a far more sensitive indicator of the loss of biodiversity than species extinction [2, 3] . Understanding how species-level extinction risk and population-level declines interrelate could help in the design of more proactive conservation actions. One of the first steps along this road is attempting to understand what predisposes populations to elevated risk of extinction.
Over the past decade and a half, phylogenetic comparative methods have provided researchers with a rigorous tool to explore and understand the underlying processes and patterns of contemporary species extinction [4] . Identifying the underlying causes of species decline and searching for correlates of extinction risk has proved useful in revealing general patterns across groups. Specifically, comparative analyses on mammalian species have shown some consistent predictors across mammalian orders [5 -8] , but mixed results under changing extinction pressures [9, 10] (table 1) .
There are two non-mutually exclusive types of variables that may account for variation in risk among species and populations: intrinsic biological factors and extrinsic abiotic or geographical factors. One null model offered to describe extinction is that of a field of bullets [28] , whereby in a metaphor drawn from trench warfare, extinction is a random process. Many studies have established that extinction is likely to be taxonomically non-random (e.g. [29 -31] ). What predisposes species and populations to extinction should therefore be explained by intrinsic biology (the ability Table 1 . Trait -risk relationship hypotheses tested in previous mammalian studies. trait hypothesis references intrinsic traits body mass larger bodied mammals are more likely to have an elevated risk of extinction as they are targeted for hunting and persecuted. In addition, larger species usually have lower reproductive rates and thus slower population growth, making them more sensitive to exploitation, and low population density [6, 7, [11] [12] [13] [14] [15] [16] head body length head body length has not been tested as a predictor of extinction in previous studies; however, it is strongly correlated with body mass not tested previously inter-birth interval species with slow life histories are less able to compensate for increased mortality through increased fecundity and are therefore more vulnerable to population extinction; a longer inter-birth interval is thus associated with an elevated extinction risk [12, 17] litter size species with a low reproductive output, mediated by lifehistory attributes such as litter size, are more likely to be at greater risk of extinction [5, 7, 11, 18] age at first birth the predictions regarding inter-birth interval above are also applicable here, as both are important components of reproductive rate; some studies have looked at the closely related age at sexual maturity [7, 11, 14, 19] geographical range size small geographical range size is associated with elevated extinction risk because of its relationship with low population size and the concomitant risks from demographic and environmental stochasticity. A small geographical range indicates habitat specificity, i.e. small habitat breadth, which is likely to affect a species' ability to withstand habitat modification, and increases the risk that the entire species range is in the firing line [6, 7, 11, 12, 14, 17, [19] [20] [21] home range size larger home range size, which is a necessary product of larger body size, is also associated with higher extinction risk; this is because species where individuals have large home ranges, reflecting high resource demands, are particularly vulnerable to habitat loss and degradation and, in particular, to reserve edge effects in fragmented habitats; by contrast, small home ranges suggest lower individual energetic requirements and higher population densities, and thus a lower risk of extinction in lowproductivity environments or remnant habitat patches [5, 12, 14, [22] [23] [24] extrinsic factors average human population density higher human population density within a species' range means more competition for resources, and more opportunity for conflict and exploitation, and thus a higher risk of extinction; in addition, habitat degradation, fragmentation and destruction are more likely to occur in densely populated locations [6, 14, 20] precipitation precipitation, along with temperature, plays a complex role in its effect on mammal population sizes; in times of drought and in regions of low productivity or resource availability, populations may be highly variable, leaving them more vulnerable to extinction; precipitation is also related to latitude, and is likely to become an important factor in light of continuing climate change [14, 15] temperature mean annual temperature is used as a measure of available ambient energy; temperature and precipitation are closely related, and predictions are as above [25] AET actual evapotranspiration (AET) reflects the joint availability of energy and water, and is regarded as an index of primary productivity; a low mean AET is therefore associated with an elevated risk of extinction [14, 19] PET mean potential evapotranspiration rate (PET) is strongly influenced by temperature and reflects the potential availability of energy and water; a low PET is therefore associated with an elevated risk of extinction not tested previously
of a species to withstand a threatening process), the severity of impact (mediated through geography) and the interaction between the two [32, 33] . The vast majority of previous analyses of correlates of extinction in mammals have been conducted using global-level metrics that classify species into categorical classes of extinction risk, such as IUCN (International Union for Conservation of Nature) Red List status (e.g. [6, 7] ). Others have used national level equivalent classifications (e.g. National Red List Status [34] ), or site-level measures of persistence (e.g. [22] ). Species-level classifications such as the IUCN Red List are designed to capture multiple symptoms of threat (e.g. population size, trend, geographical range size; [35] ) and integrate them into one level of risk [36] . However, the biological correlates and phylogenetic distribution of these symptoms of risk need not necessarily be the same [37] . To date, differences in the correlates of different measures of risk have been largely ignored (but see [37] ); examining different metrics of extinction risk may be important.
A composite risk measure such as IUCN Red List category is uninformative about trends in status. To examine global correlates of decline, it is possible to examine a subset of species within a group that are categorically classed as declining (e.g. rapidly declining amphibians [38] ), though in most groups measured to date, the number of species undergoing a category transition is rather few. Therefore, common species that are declining in abundance at a sub-threshold rate (and are therefore likely to be classed as Least Concern) would not be picked up in such analyses, a concern as decline in common species is becoming more prevalent (e.g. [39, 40] ). A more detailed pattern of trends in abundance allows the study of symptoms of risk across the Red List categories. Here, we combine two large datasets, one of mammalian biological trait information [41] and one of population trend data [3, 42] ; www.livingplanetindex.org) in a phylogenetic framework [43] to examine whether correlates of elevated species-level extinction risk in mammals are the same as those that predispose mammal populations to decline.
METHODS (a) Population data
Time-series trends for mammal species were collated from the Living Planet database ( [3, 42] ; www.livingplanetindex.org). These data were collected from published scientific literature, online databases (e.g. [44, 45] ) and grey literature. Following a modified version of Collen et al. [3] , data were included only if:
-a measure of change in population size was available for at least 10 years; -information was available on how the data were collected and what the units of measurement were; -the geographical location of the population was provided; -the data were collected using the same method on the same population throughout the time series; -the data source was referenced and traceable; and -at least 50 per cent of data points for the species lie within the time period 1970 to 2005.
Ancillary information to the time-series data was collated at the population level. The specific location of each population was used to identify the region and biome which it occupies, and information from the original data source used to record the primary threat to that population.
(b) Mammalian life history and extrinsic data We collated mammalian biological trait information from the PanTHERIA database [41] . From the 30 traits in this database, we refined our analyses to a set of 13 correlates of extinction risk (table 2) taken from a review of the published literature on mammalian extinction risk (table 1) . Additionally, using the habitat classification scheme in the IUCN Red List of Threatened Species [46] , a measure of habitat breadth was calculated as the sum of all the major habitat types occupied by each species. The complete dataset was partitioned on the basis of threatening process (habitat loss or over-exploitation). We recorded the threatening process from the original source of the population abundance data (see electronic supplementary material).
(c) Spatial congruence of risk measures We compiled species from the IUCN mammal species dataset ( [47, 48] ; n ¼ 5490 species) and filtered it to obtain species that had a geographical range map and non-extinct Red List status. During IUCN Red List assessments, a species-level population trend is recorded under the categories increasing, stable, decreasing and unknown. We subdivided the mammal ranges into these categories: increasing (n ¼ 80), stable (n ¼ 1330), decreasing (n ¼ 1630) and unknown (n ¼ 2356). We also extracted species categorized as threatened (n ¼ 1143, i.e. all species classified as Vulnerable, VU; Endangered, EN and Critically Endangered, CR). We compared this global proxy of species population trend with data collated at a site-level from the population abundance database. habitat breadth narrow habitat breadth suggests specialization and therefore poor ecological adaptability and flexibility; specialists are more susceptible to habitat modification and loss, and thus at an increased risk of extinction; in addition, narrow habitat breadth is associated with a small geographical range, which can put an entire species at risk [15, 22, 26, 27] Predicting population decline B. Collen et al. 2579
From the measure of change in population abundance collected from the Living Planet Index database, we classified a decline of 22 per cent or more as a decreasing trend (n ¼ 72), an increase of þ2 per cent or more as an increasing trend (n ¼ 74) and the remainder as stable (n ¼ 138). To obtain representative global species richness maps, a hexagonal grid was overlaid onto these species distributions (see [47, 49] ). The grid was defined on an icosahedron and projected to the sphere using the inverse Icosahedral Snyder Equal Area (ISEA) Projection, thus taking into account the Earth's spherical nature, and consisting of cells of approximately 23 300 km 2 . Species richness was calculated as the number of species polygons intersecting each hexagonal grid cell using the extension 'Counting overlapping polygons' [50] in ARCVIEW GIS v. 3.3 [51] . In addition, measures of population change from terrestrial species in the population dataset (see below) were averaged for each terrestrial biome [52] . All maps were plotted in ARCMAP v. 9.2 [53] . We evaluated spatial congruence of risk measures by comparing global patterns for decline at two different scales.
(d) Analyses
All analyses were carried out in R v. 2.11.1 [54] . We computed three measures of population change using raw population trend time-series data from 292 mammal species of 1384 populations. These were:
-slope of a linear regression of year against population size (LRS); -mean annual change (MAC) in population size calculated using a Generalized Additive Modelling framework; and -total change (TC) in population size over time.
We compiled three measures of population change for each species by calculating the mean of the logged trend values from its constituent populations. Previous analyses of population trend have used total measures of population change over a time period, or categorical estimates of proportional change (e.g. [55] ). Any predictive trait which might correlate with change in abundance will have greater force when lineages vary markedly in that trait, and where there is greatest variation in abundance [56] . As the LRS and MAC techniques resulted in a range of values with a small amount of variance, we also analysed TC as this yielded a greater variance across species.
Variables were log-transformed to normalize distributions and equalize error variance. We first carried out single predictor regressions of our three measures of population change against each of the 13 predictor variables. We used two methods: firstly, non-phylogenetic ordinary least squares regressions, which assume all species values are independent. Secondly, we built phylogenetic generalized linear models (PGLMs; [57] using the R package CAIC (Comparative Analysis using Independent Contrasts; available at http://r-forge.r-project. org/projects/caic), which enabled us to control for the effect of phylogeny, accounting for the fact that species are more similar than you would expect by chance [58, 59] . The advantage of the PGLM approach over those that assume complete phylogenetic dependence (as in independent contrasts), or complete independence (as in non-phylogenetic regressions) is that the phylogenetic dependence of the data is incorporated into the structure of the model error term [57, 60, 61] . Therefore, in each regression, a maximum-likelihood estimate of l (a multiplier of the off-diagonal elements of a phylogenetic variance-covariance matrix that best fits the data; [57] ) is calculated, and used to control the degree of phylogenetic non-independence in the data variable. Following the work of Jones & Purvis [62] , we reduced heteroscedasticity by repeating our PGLMs after the removal of influential points (those with a studentized residual exceeding +3).
We built a multivariate model following the heuristic procedure described by Purvis et al. [7] to build a minimum adequate model from the full set of predictor variables. We then carried out non-phylogenetic analyses, partitioning the dataset into species threatened by different threatening processes. We looked for differences between traits that predispose populations to decline in abundance owing to overexploitation and habitat loss. PGLMs were not used as these data were only available at the population level, where no phylogeny exists.
RESULTS (a) Global model of population decline
We analysed the change in population size of 292 species of mammals, compiled from 1384 estimates of population trend. As has been apparent in previous analyses of mammalian extinction risk, a non-phylogenetic framework resulted in slightly greater significance of predictive traits (see electronic supplementary material, abundance between the three different measures (table  3) . For mean regression slope of change in population abundance, we also found that geographical range area was significantly positively associated with population decline, such that species with smaller ranges were found to be declining in abundance more rapidly (t ¼ 2.32, d.f. ¼ 190, p ¼ 0.02). We found no significant multivariate model of any of the three measures of population change.
(b) Predictors under different threats
We found that populations threatened by habitat loss with a higher age at first birth were significantly declining (table 4) . However, for populations threatened by over-exploitation, we found populations which had small litter sizes were significantly declining ( (c) Spatial congruence of decline across scales Figure 1 shows the patterns of population trend at two scales, for species-level population trends (figure 1a,c,e,g) and site-level change in population abundance ( figure 1b,d,f ) . We found the greatest differences between the two scales for species declining in abundance ( figure 1a,b) . Incomplete species coverage at a site scale results in large differences for South America and southeast Asia in particular, which are most likely explained by poor data coverage. However, there is also an aggregation of species with declining population trends in the Arctic region of North America, which is 
DISCUSSION
In line with studies of species-level extinction risk, our analyses show that population decline is determined by a number of interacting aspects of biology, geography and threat. Specifically, we find that mammals living in areas with a high rate of mean PET and high mean temperature in their range are more likely to be experiencing population decline. The likely explanation for these findings is that as a measure of primary productivity, species with high values of PET are likely to be found in the tropics, which show much greater levels of population decline than other regions [42] . In an analysis of extinction risk in ungulates [19] , actual evapotranspiration was included as a measure of primary productivity, which is thought to be a confounding factor when using mean human population density [63] . We cannot yet rule out this effect though the correlation of PET with more rapidly declining tropical species seems to be the more likely explanation. Overall, support for biological correlates across the species set is weak, with low r 2 values indicating low explanatory power. These relatively small effects suggest that we should look into extrinsic processes to explain the variation in population trend that we observe. It could be that species experiencing rapid changes in population size could be those with traits that cause them to be especially prone to certain extrinsic pressures, or that when pressures are of very high intensity, species biology ceases to matter. Partitioning our dataset into different rates of decline could be revealing. The correlates of rapid change in abundance could, for example, be associated with novel threats, and concomitantly rapid increase in abundance with cessation of threats [64] , whereas persistent but low level threats may result in greater association with measures of intrinsic species biology.
To our knowledge, there have been very few studies which have looked for correlates of population decline. Thomas [37] found that British birds with declining populations tended to be phylogenetically clustered, suggesting that there are potential biological and geographical characteristics that unite them. In a study of mammals in Ghanaian National Parks [22] , Brashares found that population persistence was correlated with degree of isolation of the population and the type of mating system, which was attributed to monogamous species being particularly vulnerable to demographic stochasticity. We find that our results are broadly comparable to those found at a species level in mammals [6, 11] , though with fewer significant determinants of risk identified.
At a global species level, many analyses have found small geographical range correlates strongly with higher extinction risk [6, 7, 12, 17, 19] , though its correlation can be confounded, owing to the presence of geographical range in processes such as Red List classification (though see [7] ). At a population level, our study did not find a consistent significant correlation of geographical range with population decline.
The associations of correlates of extinction risk are believed to vary under different threatening processes [65] . The fact that we found few significant predictors of population decline for populations impacted by habitat loss could be owing to small sample sizes (our largest predictor had 58 populations), or lack of variance across predictor trait or dependent variable (i.e. too little variation in abundance to explain). There is accumulating evidence that rather than rapid declines in abundance, slow declines in common species under the effects of habitat loss are becoming more prevalent [39] . Such slow declines are difficult to pick up in this type of analysis, though may have major ramifications for processes such as ecosystem services, as by definition the common more abundant species are likely to shape the ecosystems that they inhabit, contributing much of the structure, biomass and energy turnover [66] . Over-exploitation and disease outbreaks, on the other hand perhaps, cause local populations to decline more quickly [35] . We find the mean rate of change in population abundance between the two threat types is more rapid in over-exploited populations. Within over-exploited species, our results suggest that species with larger litter size are less subject to declining populations. Larger litters contribute to fast population growth, and are probably part of the reason that smaller species are in general less extinction-prone [5] .
As monitoring of population level change in abundance improves in breadth and scope [67] , the picture observed here will become more complete. Unfortunately, some parts of the world have clear gaps in population monitoring, for example tropical regions of South America and southeast Asia [68] . The latter in particular is known to be one of the most rapidly changing regions, in terms of land cover, with higher rate of forest loss than any other region [69] . Site-level data on change in population abundance show some distinct advantages over broad scale but coarse classifications of trend, such as those used in IUCN Red Listing. For example, site-level information has recently revealed 'hotspots' of decline in abundance within the Arctic, a trend which is not yet apparent using global species information ( [70] ; though see [71] ). This type of fine scale information is at the cost of breadth of coverage though, and is currently taxonomically limited.
Finally, population trends categorized as 'unknown' [47, 48] appear to be congregated in tropical regions in particular, specifically in areas that are undergoing rapid change in land cover such as Central America and southeast Asia. While it is apparent that such areas are globally the most depauperate in biodiversity information at all scales [68] , there is clear indication (g) Figure 1 . Global patterns of species and population-level decline in mammals for (a) species flagged as declining (IUCN), (b) species that have declining total population trend, (c) species flagged as stable (IUCN), (d) species that have stable total population trend, (e) species flagged as increasing (IUCN), ( f ) species that have increasing total population trend, (g) species flagged as unknown (IUCN). Dark colours are accumulations of high numbers of species and light colours denote low numbers of species.
that inroads must be made towards enhancing data collection in these regions, which potentially have the most biodiversity to lose.
CONCLUSION
Rates of decline in abundance documented in crossspecies datasets provide some of the most compelling evidence of changing rates of biodiversity loss. To address and reverse these declines, we must understand the interactions between human impact, species and their environment. In mammals, environmental variables are generally better determinants of cross-species population-level decline rates than intrinsic biological traits. However, with threats changing in intensity, spatial scale and type, more targeted analyses across a broader range of species are required to truly understand this variation, and provide a basis for proactive conservation management. 
